Rationale: Up to 40% of smokers develop chronic obstructive pulmonary disease (COPD) over a period that spans decades. Despite the importance of COPD, much remains to be learned about susceptibility and pathogenesis, especially during early, prediagnostic stages of disease. Airway basal progenitor cells are crucial for lung health and resilience because of their ability to repair injured airways. In COPD, the normal airway epithelium is replaced with increased basal and secretory (mucous) cells and decreased ciliated cells, suggesting that progenitors are impaired.
In 1976, Fletcher and coworkers demonstrated that approximately 13% of susceptible smokers develop chronic obstructive pulmonary disease (COPD) (1) .
Several large epidemiologic studies have extended their findings by showing that as many as 30-40% of susceptible smokers will develop COPD over a period that spans decades (2) (3) (4) (5) (6) . Recent data suggest that the prolonged period before COPD can be diagnosed is not benign, because approximately 50% of current/former smokers with preserved lung function develop an early form of COPD characterized by increased respiratory symptoms, medication use, exacerbations, activity limitation, and airway disease (7, 8) . To date, very little progress has been made to identify the factors that contribute to COPD susceptibility and how these factors manifest during early stages of disease, before diagnosis is possible using spirometry.
It is conceivable that COPD develops in susceptible smokers because of an aberrant response to repeated injury. In COPD, the airway epithelium is altered, leading to basal and mucous cell hyperplasia, loss of cilia, and ciliary dysfunction (9) (10) (11) (12) (13) (14) (15) (16) . Airway basal progenitor cells perform a critical role in the airway's response to injury by virtue of their abilities to self-renew, meaning that they are able to replenish themselves, and to differentiate into all cell types that normally populate their home tissue, including basal, secretory, and ciliated cells, a characteristic referred to as multipotentiality (17) (18) (19) (20) (21) . These capacities of basal progenitor cells to restore the airway to normal structure and function makes them indispensible for lung health and resilience (17, 22, 23) . Importantly, the differentiation ability of airway basal cells is decreased in COPD (24) (25) (26) .
Several studies, including our own, identified a subset of keratin (K) 5 expressing basal cells as the stem/progenitor cells for both human and mouse tracheobronchial epithelium (18, 20, 21, (27) (28) (29) (30) (31) (32) (33) . During in vitro culture, basal progenitors form clones or spheres that replicate and differentiate into cell types that compose a normal epithelium (18, 21, 28) . We used a cohort of current and former smokers to investigate how basal progenitor numbers and function differ in the airways of people with and without COPD, and whether they can be used to identify early airflow limitation in people without COPD. We found that COPD airways contained fewer basal progenitors and that their functional abilities were significantly perturbed. Furthermore, depletion of basal progenitors identified a group of subjects without COPD with intermediate lung function. We termed this impairment of basal progenitors as "exhaustion," which may contribute to disease pathogenesis.
Methods
Detailed methods are provided in the online supplement.
Study Approval
This was a cross-sectional study to determine the role of airway basal progenitor cells on the pathogenesis of COPD. The Colorado Multiple Institutional Review Board approved this study.
Patient Population
This study leveraged two clinical studies examining premalignancy in the lung. The Biomarkers and Dysplastic Respiratory Epithelium Study (ClinicalTrials.gov identifier: NCT00900419) investigates biomarkers of premalignant respiratory epithelium, and the Pioglitazone for Lung Cancer Chemoprevention Study (ClinicalTrials.gov identifier: NCT00780234) examines the effect of pioglitazone on endobronchial histology. Both trials included subjects at increased risk for lung or upper aerodigestive malignancies. Subjects were included into the current study if they were greater than or equal to 40 years old, had greater than or equal to 10 pack-year smoking history, and were undergoing baseline bronchoscopy. Subjects were excluded if they were undergoing active treatment for cancer or had a bleeding diathesis, active cardiac disease, or recent infection. Thirty-eight subjects were enrolled from the "Biomarkers" study and 12 were enrolled from the "Pioglitazone" study.
Subject Groups
Criteria established by the Global Initiative for Chronic Obstructive Lung Disease were used to categorize subjects as with COPD or without COPD (34) . All subjects completed prebronchodilator pulmonary function testing and 82% completed post-bronchodilator testing. A combination of autofluorescence and white light bronchoscopy was used to collect endobronchial biopsies at the secondary (lobar) carinas.
Study Outcomes
Progenitor count was chosen as the primary study outcome, because it was the first assessment of basal progenitors that required the least manipulation, was completed within 7 days after the bronchoscopy, and therefore had the best possibility to mirror the in vivo phenotype. Secondary outcomes included progenitor self-renewal, multipotentiality, and measurements of lung function (i.e., airflows, lung volumes, and carbon monoxide diffusion). Lung function measurements were blinded until the biologic outcomes of progenitor count, self-renewal, and multipotentiality were complete.
Basal Progenitor Count
Basal progenitor count (referred to from here forward as progenitor count) was determined by numbers of clone-forming basal cells present in each biopsy. A schematic of the work-flow is presented in Figure 1A . Biopsies were digested with a mixture of dispase/collagenase/trypsin, followed by treatment with DNase and 13 red blood cell lysis buffer. Cell suspensions were washed with cold phosphate-buffered saline and total cell counts were determined using a hemocytometer. Ninety percent of the cell suspension was used to grow basal progenitor clones. Cells were plated in three wells of a 12-well plate that were precoated with irradiated 3T3 fibroblast feeders and were cultured in serum supplemented Epicult-B medium (20) . Numbers of clones were counted under an inverted scope 7 days after bronchoscopy.
At a Glance Commentary
Scientific Knowledge on the Subject: Very little is known about the factors that contribute to chronic obstructive pulmonary disease (COPD) susceptibility and pathogenesis, and how they manifest during early COPD. Airway basal progenitor cells are critical for lung health and resilience. In COPD, the airway epithelium is altered, suggesting that airway basal progenitor dysfunction contributes to COPD pathogenesis. To test this, we measured basal progenitor number and function from subjects without and with COPD, and related these findings to lung function.
What This Study Adds to the
Field: Results show that airway basal progenitors are exhausted in COPD; that progenitor depletion relates to impaired lung function; and that progenitor depletion identifies a subset of people with lung function that may represent an early, prediagnostic stage of COPD. These findings indicate that progenitor exhaustion plays a role in COPD pathogenesis and suggest that a deeper understanding of this role has the potential to identify factors responsible for COPD susceptibility and resistance.
Ten percent of the cell suspension was used for cytospins to determine the number and types of epithelial cells present in each biopsy. Two cytospins were prepared and immunostained for basal (K5 and K14), 1 cells present in the biopsy. Detail of total cell yield from each biopsy, percent of epithelial cell types, and average clone count is provided in the online supplement (see Table E1 and Figure E1 
Self-Renewal and Multipotentiality
Self-renewal of basal progenitors was determined at clonal density following our published methods (14, 15, 17) . Briefly, "generation 1" clones were harvested by trypsinization and plated in a 96-well plate coated with fibroblast feeders using a twofold dilution series that ranged from 1 to 128 cells/well. Cells were cultured for 7 days in Epicult-B medium and at Day 7 wells were scored for the presence or absence of clones. A linear regression analysis of log % negative wells versus cell input (35) was used to determine progenitor self-renewal.
Multipotentiality assays (i.e., differentiation abilities of clone cells) were performed in air-liquid interface cultures using the Pneumacult differentiation method following manufacturer's instructions.
Immunostaining and Morphometry
Immunostaining of cytospins and Transwell membranes were performed following standard protocols as published before (20, 21, 27) . Details of antibodies used, imaging, and morphometry is provided in the online supplement.
Statistical Analysis
Prism version 6.0 (GraphPad Software, Inc.) was used for statistical analyses. Characteristics of study participants at baseline were described and comparisons between COPD and non-COPD were made using a two-tailed Mann-Whitney test for continuous variables and chi-square test for dichotomous variables. All in vitro comparisons used a two-tailed MannWhitney test. Two-tailed Pearson correlations were used for all correlation analyses. For multiple comparisons, means were analyzed using a one-way ANOVA. When ANOVA indicated significance, a post hoc analysis was performed using the Tukey-Kramer multiple comparison test. The study addressed the hypothesis that airway basal progenitor numbers would be lower in COPD compared with non-COPD. No prior studies had examined basal progenitor counts in these two groups, so a prospective power analysis could not be performed. Thirty-one subjects without COPD and 19 subjects with COPD were enrolled. Based on a mean progenitor count of 40.1 for the non-COPD group and 15.3 for the COPD group, an SD of 29.8 for the non-COPD group and 7.2 for the COPD group, and a two-tailed a of 0.05, a total of 31 subjects without COPD and 19 subjects with COPD resulted in more than 99% power to see a difference between groups.
Results

Airway Basal Progenitor Numbers and Function in COPD versus Non-COPD
To investigate whether basal progenitor cell malfunction contributes to airway remodeling in COPD, we measured the ability of basal progenitors to make clones immediately after biopsies were collected from current/former smokers with and without COPD. Baseline clinical and demographic characteristics of subjects without COPD and subjects with COPD are shown in Table 1 . Clones were composed entirely of K5, K14, and p63 expressing basal cells, and did not contain either secretory or ciliated cells ( Figures 1E-1H ). There were no differences in the cell composition of clones from subjects without COPD or subjects with COPD. Progenitor count (i.e., the number of cloneforming basal progenitors present in each biopsy) was determined. Comparisons of progenitor counts between biopsies showed that COPD airways contained 58% fewer basal progenitor cells than non-COPD ( Figure 1I ). Self-renewal, an essential property of basal progenitors, was measured by quantifying the number of basal cells from "generation 1" clones that gave rise to "generation 2" clones (20, 21, 27) . Comparisons between 13 COPD and 18 non-COPD airways showed that progenitor self-renewal was 82% lower in COPD versus non-COPD (Figure 2A ). Clones generated by COPD progenitors were visibly smaller than non-COPD clones (Figures 2B and 2C ; see Figure E2 ). Selfrenewal was further determined by serial passaging of clone cells at limiting dilution. In these analyses non-COPD clones could be passaged approximately five to seven times, whereas COPD clones could not be passaged more than two times. Taken together, the self-renewal of basal progenitors was severely impaired in COPD. Decreased self-renewal of basal progenitors from COPD could not be explained by induction of senescence, because only few senescent cells were present in COPD clones compared with non-COPD (see Figure E3 ).
To determine whether basal progenitors from COPD are multipotential, differentiation was examined during air-liquid interface culture and differentiated membranes were immunostained for basal (K5 (21, 27) . Quantification of each cell type showed that epithelium generated by COPD basal progenitors contained 1.5-fold greater numbers of basal cells, twofold greater numbers of mucous cells, and 88% fewer ciliated cells compared with non-COPD (Figures 2D-2H and Table E2 ; see Figure E4 ). Time-lapse imaging of the differentiated membranes further demonstrated loss of cilia in epithelium generated by COPD (Video 1) versus non-COPD progenitors (Video 2).
Differentiated membranes were also paraffin embedded, sectioned, and examined for the spatial distribution of different epithelial cells. Hematoxylin and eosin stained sections showed that airway basal progenitor derived epithelium recapitulated many of the histologic features of airways seen in vivo (10, 15, 17) , including a normal mucocilliary epithelium for non-COPD ( Figure 3A ) and mucous cell hyperplasia for COPD ( Figure 3B ). Immunostaining and quantification for K5 and p63 (Figures 3C-3E ; see Figure E5A ) showed that there were 50% fewer K5/p63 dual positive cells in COPD epithelia compared with non-COPD. These dual positive cells were located on the basal layer of the epithelium, whereas K5 expressing cells in the upper layers of epithelium in COPD were p63 negative. Numbers of Scgb1a1-positive cells (i.e., nonmucous secretory cells) were not decreased in COPD versus non-COPD. In addition, there was no significant difference in Ki67-positive cells between non-COPD and COPD (Figures 3F-3K ; see Figures E5B and  E5C) . Together, these studies showed that multipotentiality of airway basal progenitor cells is decreased in COPD.
Airway Progenitor Cells and Lung Function
To examine whether loss of basal progenitors was related to lung function, correlations were performed with measures of lung function that relate to airflow (i.e., FEV 1 , FEV 1 /FVC, forced expiratory flow, midexpiratory phase [FEF ], and FEF 25-75 /FVC), air trapping (i.e., residual volume/TLC), and diffusion (i.e., DL CO and DL CO /VA). In the combined cohort, progenitor counts correlated with all four measures of airflow ( Figures 4A-4D ), but did not correlate with measures of air trapping, diffusion, or pack-years of smoking (see Figure E6 ) (P . 0.14 for all). Current smoking did not affect progenitor counts ( Figure 4E ), but did strengthen the relationship between progenitor counts and airflow, air trapping, diffusion ( Figures  4F-4L) , and pack-years of cigarette smoke exposure ( Figure 4M ). The ability of progenitor counts to correlate with measures of lung function related to the development of COPD (36) (37) (38) (39) (40) (41) suggested that basal progenitors may contribute to disease pathogenesis. The distribution of progenitor counts for subjects with COPD and without COPD ( Figure 1I) showed that there was substantial overlap between the two groups, but that all progenitor counts in the COPD group were less than 30. Based on this Chi-square test.
x Post-bronchodilator spirometry was performed on 9 out of 14 non-COPD high-progenitor subjects (i.e., 64%) and 15 out of 17 non-COPD low-progenitor subjects (i.e., 88%).
observation, we hypothesized that subjects without COPD with high progenitor counts (>30) and subjects with COPD (,30) represented two extremes in the lung function continuum, whereas subjects without COPD with low progenitor counts (,30) that were equivalent to COPD represented an intermediate group. To explore this hypothesis, subjects without COPD were segregated into those with high progenitor counts (>30) and low progenitor counts (,30), and then examined for differences in baseline demographics and clinical characteristics, including lung function (Table 2 and Figure 5 ). Subjects without COPD with low progenitor counts had airflows that were lower than subjects with high progenitor counts, including FEV 1 , FEV 1 /FVC, FEF , and FEF 25-75 /FVC (Table 2) . No other significant differences were seen between the two groups other than body mass index (Table 2) . Airflows for subjects without COPD with low progenitor counts were also midway between subjects without COPD with high progenitor counts and COPD ( Figure 5 ). These results indicate that reduced airway progenitor counts relate to decreased lung function and thus, we termed these intermediate subjects as "early COPD."
Discussion
Airway basal progenitor cells are critical for lung health and resilience, because of their ability to return injured airways to normal structure and function (17, 21, 22) . In COPD, the cell repertoire of airway epithelium is altered suggesting that airway progenitor dysfunction contributes to COPD pathogenesis (9, 15) . This study shows that airway basal progenitor number, self-renewal, and multipotentiality are all decreased in COPD; that depletion of basal progenitors relates to impaired lung function; and that progenitor depletion identifies a subset of people with lung function that may represent an early, prediagnostic stage of COPD. We describe this impairment as "exhaustion" of basal progenitors, similar to exhaustion of immune cells observed in chronic infections (42) . Thus, improvement in basal progenitor function may have therapeutic value. Airway basal progenitor function was examined in airway biopsies by measuring their numbers, ability to replicate, and capacity to differentiate into cell types that make up a normal airway. COPD airway biopsies contained fewer basal progenitor cells capable of producing a clone during ex vivo culture. When COPD airway biopsies did produce clones, they were smaller and had reduced self-renewal compared with non-COPD. Multiple studies have shown induction of cellular senescence in COPD (43) (44) (45) , and thus in search for a mechanism responsible for decreased self-renewal, we looked at induction of senescence in basal progenitor clones. However, the results were far from conclusive; we identified few senescent cells in COPD clones compared with non-COPD, indicating that the mechanisms involved are more complex and require further research. No prior studies have examined airway basal progenitor cell numbers or self-renewal in COPD or in COPD disease models. Others have shown a loss of hematopoietic and/or circulating endothelial progenitor cells in COPD (46, 47) , suggesting that a systemic loss of progenitor cells may occur in COPD.
One of the provocative findings of this study is that COPD airway basal progenitors recapitulated various aspects of COPD airways (9-16) (e.g., basal and mucous cell hyperplasia and ciliated cell hypoplasia during air-liquid interface culture), whereas non-COPD progenitors produced a normal mucocilliary epithelium. In this context it is also significant to mention that coimmunostaining of non-COPD and COPD epithelium with Muc5b and Muc5Ac, two major mucins of the airways, showed that both have comparable expression in subjects without COPD (see Figures E7A and E7B ). In COPD, however, Muc5b and not Muc5Ac expression was higher for former smokers, whereas both were upregulated in current smokers (see Figures E7C-E7F ). These data point to differences between smokeand/or disease-induced changes affecting differentiation of basal progenitor cells in COPD. Together, our results indicate that COPD airway basal progenitors have been imprinted to create a "COPD-like" epithelium. The mechanisms underlying this are not known, but an understanding may aid reversal of the phenotype and restoration of a normal airway epithelium.
In contrast to our results, a study by Staudt and coworkers (26) observed no significant difference between airway basal cells from healthy smokers and smokers with COPD to generate a differentiated ciliated epithelium, although differentiation was decreased in COPD smokers compared with nonsmokers. The reasons for these differing results are not known. But it is important to note that they used an unselected population of basal cells (collected by small airway brushing) to differentiate at an air-liquid interface, whereas we only used clone-forming basal progenitor cells (Figures 1E-1H) for differentiation. Thus, it is plausible that use of a mixed population of basal cells may have masked a true loss of basal progenitor cell function.
Another intriguing observation was the finding that p63 1 basal progenitors from COPD differentiate into two phenotypic populations: K5 1 /p63 1 and K5 1 /p63 2 cells (Figures 3C-3E ). This may have functional/therapeutic significance because Video 1. Two-dimensional time-lapse imaging of ciliary movement in Transwell membrane cultures generated by non-chronic obstructive pulmonary disease progenitors. The video was generated using an inverted AxioVert 200M microscope equipped with a long working distance 320 objective and Slidebook software (Intelligent Imaging Innovations, Inc.).
Video 2. Two-dimensional time-lapse imaging of ciliary movement in Transwell membrane cultures generated by chronic obstructive pulmonary disease progenitors. The video was generated using an inverted AxioVert 200M microscope equipped with a long working distance 320 objective and Slidebook software (Intelligent Imaging Innovations, Inc.).
Notch signaling pathway, necessary for differentiation of basal and parabasal p63 The impact of progenitor dysfunction on cell fate and airway structure seems to have important consequences, because it relates to changes in pulmonary physiology that define COPD for clinicians. FEV 1 and FEV 1 /FVC define COPD and are linked to the underlying genetic propensity to develop COPD (36, (38) (39) (40) (41) . FEF and FEF /FVC also have heritability estimates for COPD that are as great as FEV 1 and FEV 1 /FVC (52, 53) , and have been suggested to describe a subgroup with increased susceptibility for COPD (53, 54) . These measures of airflow obstruction reflect airway narrowing that largely occurs distal to the first or second generation of airways where biopsies were taken. Therefore, the fact that basal progenitor number correlated with multiple measures of airflow obstruction implies that large airway basal progenitors reflect distal/small airway dysfunction involved with COPD pathogenesis. Other investigators have similarly found that molecular changes in large airways are also seen in small airways (55) . When the analysis was restricted to current smokers, the correlation between progenitor depletion and airflow obstruction became stronger, and the relationship to air trapping, diffusion, and pack-years of smoke exposure became significant. These results are intriguing because they indicate that basal progenitor cells collected from the proximal airway reflect the pathobiology of processes that impact oxygen diffusion (DL CO % predicted and DL CO /VA). The relationship between progenitor counts and pack-years of smoking also implies that a dose-response relationship is present, at least in current smokers. Taken together, these results suggest a link between proximal airway progenitor dysfunction and COPD pathogenesis that is modified by cigarette smoke exposure, the most important cause of COPD in the developed world (34) . COPD develops slowly over decades as small airways narrow and disappear, causing lung function to decline (56) (57) (58) . Despite the importance of this long period there is no clinical or biologic definition of "early" or "pre" COPD. SPIROMICS and COPDGene researchers recently found that approximately 50% of current/former smokers with preserved lung function develop an early form of COPD with consequences that impact symptoms, therapy, and healthcare use (7, 8) . Based on airway progenitor counts, our study identified three groups of subjects with normal, intermediate, and abnormal lung function. Because the three groups in our study were examined in cross-section and have the same mean age and smoke exposure history (P . 0.56 for both; oneway ANOVA), our data suggest the hypothesis that each group has a different susceptibility to develop COPD, which needs to be addressed in subsequent studies.
This study has several important limitations, including the fact that it was not prospectively designed to test the underlying hypotheses. Instead, we leveraged two clinical studies that assessed people at high risk to develop lung cancer, including those with a history of smoking or COPD, the groups of interest. To decrease potential bias researchers were blinded to COPD diagnosis and lung function results until biologic assays had been completed. Never-smokers were not included in our study because they were not included in the trials that we leveraged, and they were not essential to study the role of basal progenitors in disease susceptibility. The study was cross-sectional and could not examine the relationship between progenitor counts and lung function over time. Also, because the study was not prospectively designed to ask specific questions regarding symptoms and medication use, these data were not available to test whether a relationship exists between subjects without COPD with low progenitor counts and COPD-related symptoms and treatment. Because the clinical portion of the study was conducted at the Denver Veterans Affairs Medical Center, most subjects were white and male, limiting generalizability.
This study shows a relationship between basal progenitor cells, lung function, and the histologic manifestations of COPD, indicating that airway basal progenitor exhaustion is involved in disease pathogenesis. Future molecular studies are needed to establish how cigarette smoke leads to basal progenitor dysfunction in susceptible people, and the degree to which this depends on host genetics or epigenetics. Studies also need to prospectively examine the association between low progenitor counts and accelerated lung function decline over time, and identify the clinical and/or biologic proxies of progenitor dysfunction so that those at risk can be identified before the onset of disease. Ultimately, understanding the role of basal progenitor cells in COPD pathogenesis has the potential to improve the ability to detect, prevent, and treat disease early when the maximum benefit can be achieved, a goal shared by physicians and patients alike. n Author disclosures are available with the text of this article at www.atsjournals.org.
